Current theories of posterior parietal cortex (PPC) function emphasize space-based attention and motor intention. Imaging studies of long-term memory have demonstrated PPC activation during successful memory retrieval. Here, we explored the relationship between memory processes and classical notions of PPC function. Study 1 investigated old-new recognition using picture and sound stimuli to test whether PPC memory effects were dependent on visuospatial attention. A region lateral to the intraparietal sulcus [inferior parietal lobule complex (IPLC)] and two regions in the medial PPC [precuneus complex (PCC) and posterior cingulate/retrosplenial cortex (pC/Rsp)] showed strong retrieval success effects for both picture and sound stimuli. Study 2 explored a recognition task with varied response contingencies to investigate whether these retrieval success effects are dependent on motor intentions. In one condition, subjects responded to both old and new items. In two other conditions, subjects responded only to old or only to new items. IPLC, PCC, and pC/Rsp continued to show retrieval success effects with similar magnitudes for all response contingencies, including a condition in which no responses were made to old items. In a third study, IPLC and PCC activity was modulated at retrieval based on levels of processing at study, suggesting sensitivity to memory demands. These studies demonstrate that retrieval success effects in lateral and medial PPC regions are not affected by manipulations predicted by classical theories of PPC function but can be modulated by memory-related manipulations. PPC regions thus have prominent response properties associated with memory, which may arise through interactions with medial temporal cortex.
Introduction
The function of posterior parietal cortex (PPC) has been characterized in terms of space-based attention and motor intention. Lesions to parietal cortex can result in neglect or apraxia, deficits of attending to space, and planning motor movements (Heilman and Gonzalez Rothi, 1993; Mesulam, 1999) . Functional imaging studies of attention shifts (Corbetta et al., 1998) , delayed saccades (Sereno et al., 2001) , and reaching and grasping (Culham et al., 2003) all report activity in PPC during these tasks. Single-unit recordings from PPC in monkeys are consistent with a role in space-based attention and motor planning (Colby and Goldberg, 1999; Andersen and Buneo, 2002) . The lateral intraparietal (LIP) area, for example, shows response properties that track attended spatial locations and saccade targets Bisley and Goldberg, 2003) . These results support a role for PPC in representing locations of stimuli and allocating attention or directing motor plans to their position.
In contrast to classical models of PPC function, recent functional imaging studies of memory have identified PPC regions that activate more when subjects recognize old items compared with identification of new items. Parietal retrieval success effects occur across a wide range of retrieval tasks, including recognition of words (Konishi et al., 2000) and faces (Henson et al., 2002; Leube et al., 2003) . Effects have been elicited during rememberknow paradigms (Henson et al., 1999; Wheeler and Buckner, 2004) as well as during retrieval tasks requiring simultaneous ratings of retrieval confidence (Henson et al., 2000) . Moreover, PPC regions modulate based on subjects' perception that information is old, with increased activity when new items are endorsed as old and decreased activity when old items are mistaken as new Kahn et al., 2004) . Event-related potential studies have also consistently noted retrieval success effects over left parietal scalp electrodes that have similar properties to those observed in functional magnetic resonance imaging (fMRI) studies (Rugg and Wilding, 2000) .
Retrieval success effects in PPC are not easily reconciled with traditional theories of PPC function that emphasize processes associated with spatial attention and motor intention. This diver-gence raises the possibilities that either spatial or motor processing differences have confounded retrieval task designs, or PPC function extends beyond these traditional domains. Previous event-related fMRI studies of old-new recognition have used visual stimuli and have required overt responses, leaving open the first possibility. Some studies have used compound cues that involve nonvisual information but have always included a visual component to the cue . In the context of traditional models of PPC function, one plausible explanation for retrieval success effects is that subjects orient their attention differentially to visually presented old items (Althoff and Cohen, 1999) . Alternately, recognition decisions might be confounded by motor planning demands. Old-new decision tasks may be implicitly understood as a "detect old items" task or emphasize confidence in the decision. As a result, motor responses might be stronger to targets than to nontargets. PPC retrieval success effects, by this account, may result from motor planning or differential spatial attention toward old items, rather than supporting a direct contribution to memory retrieval or related decision processes.
Materials and Methods
The present series of three fMRI studies sought to explore retrieval success effects in the context of traditional models of PPC function. These three studies varied stimulus modality (study 1), response contingency (study 2), and level of encoding (study 3). Methods common to all studies are discussed first, followed by specific descriptions of the three separate experiments.
Subjects. Seventy-two subjects between the ages of 18 and 35 participated. All subjects provided informed consent in a manner approved by the Washington University Human Studies Committee and were paid for participation. Twenty-seven subjects (11 males) participated in study 1 (mean age, 22.4 years), 29 (15 males) in study 2 (22.7 years), and 16 (8 males) in study 3 (23.8 years). All subjects were right-handed and were native English speakers with no history of neurological disease. Some subjects were excluded from analysis. For study 1, two subjects were excluded for excessive movement and three for poor task performance. In study 2, three subjects were excluded for poor task performance, one for excessive movement, and one for functional data outliers (more than three SDs from the mean in two separate comparisons). For study 3, one subject was excluded for outlying functional data. Sample sizes and averages given above do not include these excluded subjects.
Functional MRI procedures. Functional imaging was conducted on a 1.5 tesla Magnetom Vision MRI system (Siemens, Erlangen, Germany). Foam pillows and a thermoplastic facemask were used to minimize head movement. Structural images were acquired first using a sagittal magnetization preparation-rapid acquisition gradient echo (MP-RAGE) T1-weighted sequence [repetition time (TR), 9.7 msec; echo time (TE), 4 msec; flip angle, 10°; inversion time, 20 msec; delay time, 200 msec]. For all studies, whole-brain functional images (16 8-mm-thick slices oriented along the transverse plane) were collected using an asymmetric spin-echo echo-planar sequence sensitive to blood oxygen level-dependent (BOLD) contrast (T2*; TR, 2.36 -2.5 sec; TE, 37 msec; 3.75 ϫ 3.75 mm in-plane resolution) (Kwong et al., 1992; Ogawa et al., 1992) . The first four images in each run were discarded from functional analysis to allow magnetization to stabilize, but the first image, owing to its T1-weighting, was used to align the data to the high-resolution T1-weighted anatomical image.
Functional MRI data analysis. Preprocessing was performed to reduce noise and prepare the data for regional and exploratory analyses. Functional data were first corrected for odd-even slice intensity differences and then motion corrected using a rigid-body rotation and translation correction (Snyder, 1996) . Between-slice timing differences caused by slice acquisition order were adjusted using sync interpolation. Linear slope was removed on a voxel-by-voxel basis to correct for drift. Data were normalized to a mean magnitude value of 1000 and were smoothed using a one-voxel-wide isotropic Hanning filter. Signal magnitudes were obtained in relation to task trials by selectively averaging the BOLD fMRI data to compute the mean signal change following each trial type in each voxel. Only trial types with a sufficient number of trials were included in analysis. Data were transformed into the stereotaxic atlas space of Talairach and Tournoux (1988) (using 2 mm isotropic voxels) to permit across-subject analyses (for detailed description, see Maccotta et al., 2001) .
Construction of whole-brain activation maps. Contrasts of interest were regressed against a set of time-lagged (offset by 1 sec) functions that approximate the range of hemodynamic responses typically encountered (Schacter et al., 1997 ). Statistical activation maps were then constructed for each condition on a voxel-by-voxel basis using a t statistic . To determine to what degree activation patterns for one comparison overlapped with those of other comparisons, conjunction activation maps were constructed using a threshold of p Ͻ 0.001 in each contrast.
Hypothesis-driven regional analyses. Hypothesis-driven analyses were performed on regions within PPC identified as modulating based on retrieval success. These PPC regions were defined based on exploratory and conjunction analyses performed on data from study 1 to identify regions that showed HITϾcorrect rejection (CR) effects without effects of modality. Regions were defined to include voxels within 12 mm of the seed point, which showed HITϾCR effects without picture (PIC)Ͼsound (SND) effects (see Study 1 results). These PPC regions were then carried forward as a priori regions for hypothesis-driven tests in studies 2 and 3.
For regional analysis, magnitude estimates were calculated for each subject and for each condition averaged over the volume of the region. This approach affords considerable power by reducing the number of multiple comparisons and averaging the many voxels within each region, thereby increasing the signal-to-noise ratio. Regional time courses were computed by estimating the signal change for each trial type in each voxel for eight time points after the start of the trial. The signal change for the fixation condition was subtracted from that of each of the other conditions to obtain an estimate of signal change relative to fixation baseline. The mean signal change across all voxels in each region for each condition was then computed. Response magnitude estimates were calculated by subtracting the mean signal corresponding to times 0 and 17.5 sec (representing the baseline) from the mean signal at times 5 and 7.5 sec (representing the peak). The magnitude estimates for each subject were entered into a random-effects model, and specific comparisons were made using ANOVA and t tests.
Behavioral procedures. Visual stimuli were presented using an Apple Power Macintosh G4 (Apple Computers, Cupertino, CA) running PsyScope software (Cohen et al., 1993) and projected (Sharp LCD PG-C20XU; Sharp, Mahwah, NJ) onto a screen positioned at the head of the magnet bore. Subjects viewed the screen using a mirror attached to the head coil. Sound items were presented using the same computer, which played sounds to the subjects through headphones (Resonance Technology, Northridge, CA). Responses were recorded on a fiber-optic lightsensitive key press interfaced with a PsyScope button box (Carnegie Mellon University, Pittsburgh, PA).
Study 1: Does visuospatial attention account for retrieval success effects? Memory retrieval was explored using visual and auditory items for the following: (1) to replicate retrieval success effects, (2) to determine whether visuospatial attention can account for retrieval success effects, and (3) to precisely define the anatomic extent of regions demonstrating selective retrieval success effects. During prescan encoding, subjects made preference judgments on a mixed list of pictures and sounds. The encoding task was conducted outside the scanner, resulting in a 30 min encoding-test delay. During each encoding trial, subjects were shown a picture or played a sound and were asked to subjectively rate how much they liked the item on a scale from one to five. Subjects were not told that a memory test would follow. Two encoding blocks of 156 items were presented with each item appearing twice, with a 1 min break between blocks. Pictures (n ϭ 156) were color, clip-art style objects (e.g., a picture of a dog); sounds (n ϭ 156) were natural sounds (e.g., the sound of a dog barking). Subsets of both stimuli types were used previously in the studies by Wheeler et al. (2000) and Buckner (2003, 2004) .
Additional stimuli were gathered from the Internet. No subject saw a picture of an item and also heard its sound during either study or test. Stimulus modality was counterbalanced across subjects, so that half of the subjects saw a picture of a dog, whereas the other half heard barking. During encoding, pictures were presented centrally for 400 msec, followed by a fixation crosshair (a small plus sign) for 1960 msec. Total trial duration was 2.36 sec for both picture and sound trial types. Pictures ranged in size from 4 to 7 o of visual angle (mean, 5.5 o ). Sounds ranged in length from 0.26 to 1.5 sec (mean, 1.23 sec). Subjects fixated a crosshair throughout the sound trials.
During the scanned test, subjects performed an old-new recognition task. Intermixed old and new pictures and sounds were sequentially presented; subjects made a right-hand key press to indicate whether each item was old or new. Subjects were instructed to respond quickly and accurately. Presentation timing was identical to the encoding phase. Subjects were presented three runs of the recognition task, each containing 86 trials (TR, 2.36 sec). The first and last four trials of each run were fixation trials (consisting of a fixation crosshair presented for the length of the trial). The remaining 78 trials in each run were divided into 13 trials of old pictures, 13 old sounds, 13 new pictures, 13 new sounds, and 26 fixation trials. Order of trial types were arranged pseudorandomly to allow for hemodynamic signal extraction here and also in Studies 2 and 3 Buckner et al., 1998; Dale, 1999) . A passive viewing condition was also imaged, with task presentation order counterbalanced across subjects. Because the passive condition did not reveal any notable effects, it will not be discussed further.
Study 2: Do motor intentions account for retrieval success effects? Study 1 explored retrieval success effects in the absence of salient visuospatial information. Classical views of PPC function also emphasize processes associated with motor intention. In study 2, response contingencies associated with a recognition decision were manipulated to study the interaction between retrieval success effects and motor preparation and response. Three response contingencies were used. In the "Respond OldNew" condition, subjects pressed one button for old items and a different button for new items. In the "Respond Old" and "Respond New" conditions, subjects pressed only a single button for old or new items, respectively, and made no response to other items. In this manner, retrieval success effects could be explored in the precuneus complex (PCC) under conditions that encouraged motor planning (and enhanced attention) to old items, new items, or both. Specifically, in the Respond New condition, retrieval success effects were explored when the old information was not the response target.
During prescan encoding, subjects viewed 160 words (repeated twice) and decided whether each fit the category of "Abstract" or "Concrete" (Demb et al., 1995) . The encoding task was conducted outside the scanner, resulting in a 20 -40 min encoding-test delay. For each encoding trial, words appeared centrally, subtending ϳ5 o of visual angle in black text on a white screen for 500 msec, followed by a fixation crosshair for 1860 msec.
Subjects were then scanned while performing an old-new recognition task in the Respond Old-New, Respond Old, and Respond New conditions. Subjects performed three scan runs, each with a different response contingency. Button assignment in the Respond Old-New condition and the order of each response contingency was counterbalanced across subjects. Fifty-six word lists of 14 items each were constructed and counterbalanced such that new words in one subject became old words in another, and also word lists rotated among conditions. Timing of stimulus presentation was identical to encoding. Each of the three runs contained 92 trials (TR, 2.36 sec), including four fixation trials at the beginning and end, 28 old items, 28 new items, and 28 additional fixation trials.
Behavioral analyses for recognition accuracy assumed that a nonresponse was a response for the alternative (e.g., no response in the Respond Old condition was a response for new). Analyses thus report recognition accuracy for all conditions but response times for only a subset.
Study 3: direct manipulation of retrieval success effects. Studies 1 and 2 explored retrieval success effects in PCC during manipulations of visuospatial attention and motor intention. As the results will show, retrieval success effects are present across these manipulations suggesting nontraditional response properties within specific regions of PPC. The generality of the retrieval success effect across the five separate conditions in studies 1 and 2 raises the question of whether any manipulations affect their magnitude. In study 3, we tested whether the magnitude of retrieval success effects could be affected by manipulations that influence processes associated with memory retrieval, while holding constant the stimulus format and response contingency. As the basis of the manipulation, centrally presented visual words were encoded either with a deep processing task (Abstract-Concrete) or a shallow processing task ("Uppercase-Lowercase") to encourage recollection-and familiarity-based retrieval, respectively (Yonelinas, 2002) .
During encoding, subjects performed, using their right-hand, either a letter-case classification task (shallow encoding) or a semantic classification task (deep encoding). Subjects were unaware of the subsequent memory test. For shallow encoding, subjects decided whether the words were in uppercase or lowercase letters. Deep encoding used the same abstract-concrete task as in study 2. Four blocks of encoding (with 50 words each) were performed: two blocks of shallow and two blocks of deep encoding. Words appeared centrally in white on black for 2 sec, followed by 500 msec of fixation. Half were uppercase and half lowercase; half were abstract and half concrete. The order of encoding condition was counterbalanced between subjects. Unlike previous studies, encoding was performed while subjects were in the scanner, leading to an ϳ15 min encoding-test delay. Encoding data were reported previously (Baker et al., 2001) . Stimulus presentation during encoding was similar to that during test.
During scanned test, subjects performed an old-new recognition decision similar to the Respond Old-New condition of study 2. All words were in uppercase. Four trial types were presented: old items from deep encoding, old items from shallow encoding, new items, and fixation trials. Four runs of 104 trials (TR, 2.5 sec) were presented, each beginning with four fixation trials and containing 25 additional trials of each type. Presentation timing at test was identical to encoding.
Results

Study 1 behavioral results
Corrected recognition performance was calculated by subtracting the proportion of new items endorsed as old (FA trials) from the proportion of correctly identified old items (HIT trials). Performance was high for both modalities (Fig. 1a) and greater for pictures than for sounds (t (26) ϭ 14.17; p Ͻ 0.001). This difference in performance was likely attributable to scanner noise, rather than any inherent mnemonic advantage for picture items; an unscanned pilot study showed no significant difference in performance between picture and sound items (data not shown). Response times were faster for pictures than for sounds (F (26,3) ϭ 329.11; p Ͻ 0.001) (Fig. 1b) . HIT responses were faster than PPC retrieval success effects generalize to auditory stimuli Activation maps were constructed to identify retrieval success effects (HIT minus CR) for both the visual and auditory stimuli. Figure 2a shows the main results. Several regions exhibit retrieval success effects for both pictures and sounds, including prominent activation within PPC, replicating and generalizing previous findings. The locations of activation are consistent with previous reports of PPC retrieval success effects (Henson et al., 1999 (Henson et al., , 2000 (Henson et al., , 2002 Konishi et al., 2000; Buckner, 2003, 2004) . Modality effects, revealed by direct contrast of the visual and auditory trials, were also prominent. Regions extending through visual cortex and into PPC showed greater activation for retrieval cued by pictures than by sounds (data not shown).
Notably, activation in left and medial PPC exhibited HITϾCR effects without significant effects of modality (Fig. 2b) . Two regions were defined centered on these locations labeled the PCC; (Ϫ2, Ϫ72, 30; 5.46 cm 3 ) and the inferior parietal lobule complex (IPLC; Ϫ44, Ϫ61, 42; 1.71 cm 3 ) (Fig. 3) . A third region, anterior to PCC, located in posterior cingulate/retrosplenial cortex, also showed HITϾCR effects without effects of modality (pC/Rsp; Ϫ6, Ϫ57, 26; 3.63 cm 3 ). Later analyses will focus on IPLC and PCC, but the functional properties of pC/Rsp are similar, including both region-of-interest results and appearance in wholebrain activation maps. Figure 4 plots the regional magnitudes of the retrieval success effect for PCC and IPLC, along with data from a control region in extrastriate visual cortex defined from Maccotta et al. (2001) (Ϫ36, Ϫ72, Ϫ12 ; 3.82 cm 3 ). These two regions (IPLC and PCC) serve as the basis for hypothesis-driven analyses in Studies 2 and 3.
Study 2 behavioral results
Corrected recognition was high and did not vary between conditions (F (28,2) Ͻ 1; p ϭ 0.88), nor did the proportion of Old re- Figure 2 . Conjunctions of whole-brain activation maps reveal regions associated with retrieval success. a, Conjunction maps generated from HITϾCR for pictures and HITϾCR for sounds reveal regions showing retrieval success effects for pictures (red), sounds (blue), and both (yellow). b, Conjunction maps generated from HITϾCR and PICϾSND (CR trials only) contrasts show regions that exhibit retrieval success effects with (HITϾCR; green) and without (HITϾCR SELECTIVE; yellow) effects of modality. For all maps, images represent transverse sections with the approximate level taken from the atlas of Talairach and Tournoux (1988) . The left hemisphere is displayed on the left. The anatomic backdrop represents the average anatomic image from the subjects included in the study. sponses (F (28,2) Ͻ 1; p ϭ 0.93), indicating that no criterion shift took place (Fig. 5) . Response times did vary across conditions. Correct old items were faster than correct new items (F (28,2) ϭ 86.46; p Ͻ 0.001). Responses were faster in the Respond Old and Respond New conditions, which required only one button press, compared with the Respond Old-New condition, which required a two-choice response discrimination (F (28,2) ϭ 34.44; p Ͻ 0.001).
PPC retrieval success effects are not dependent on motor intentions
IPLC and PCC (as defined by the regions from study 1) showed significantly greater activity for correctly identified old items than for correctly identified new items in all conditions, even when no motor responses were made to the old items (all, p Ͻ 0.05). Response contingency did not significantly modulate the magnitude of this effect (IPLC, F (28,2) Ͻ 1, p ϭ 0.99; PCC, F (28,2) Ͻ 1, p ϭ 0.49). A control region in motor cortex, derived from the study by Maccotta et al. (2001) ), did not show retrieval success effects (F (28,2) ϭ 0.99; p ϭ 0.33) but did show strong modulation consistent with the manipulated response contingencies (F (28,2) ϭ 52.16; p Ͻ 0.001) (Fig. 6) . Thus, although the motor contingencies did significantly modulate the motor pathway, IPLC and PCC continued to respond more to HIT than CR even when responses were made only to the CR trials.
It is possible that performance of the Respond Old or Respond New task before the Respond New task might establish a "task set," in which subjects considered old items as targets, although they made no response to those items. To test whether this was the case, we calculated the HIT-CR difference for each region and each response contingency, split by which response contingency each subject first encountered. The results show no support for a task set explanation. In fact, the HIT-CR difference in IPLC and PCC during the Respond New task was greatest when Respond New was the first task performed by the subject.
As a further exploration of retrieval success effects across the three response contingencies, whole-brain activation maps were constructed for HIT minus CR trials for each of the three conditions separately. Figure 7 shows the conjunction among the three maps, revealing medial and lateral PPC activation consistent with the hypothesis-directed analyses described above. Moreover, the localization and extent of the retrieval success effects, here revealed across three conditions that manipulated response contingencies, were highly similar to those revealed in study 1 where modality was manipulated, including activation of both PCC and pC/Rsp on the medial surface (compare Figs. 2a and 7) .
Study 3 behavioral results
Corrected recognition performance was higher for words studied under deep than for shallow encoding (t (15) ϭ 12.95; p Ͻ 0.001) (Fig. 8 ). Both were significantly above chance ( p Ͻ 0.001 for both conditions). For most old-new recognition paradigms, HIT responses are significantly faster than CR responses, confounding retrieval success with effort. One feature of this study is that HIT responses following shallow encoding have a mean response time very similar to CR responses (1013 and 1036 msec, respectively). CR responses were significantly slower than HIT responses following deep encoding (t (15) ϭ 107.25; p Ͻ 0.001).
PPC retrieval success effects are influenced by retrieval demands IPLC and PCC regions both showed retrieval success effects following both deep and shallow encoding conditions (all, p Ͻ 0.05) (Fig. 9) . Critically, the magnitude of these effects was significantly greater following deep than shallow encoding, suggesting that memory-related processes at retrieval modulate these specific PPC regions (IPLC, t (15) ϭ 2.39, p Ͻ 0.05; PCC, t (15) ϭ 3.28, p Ͻ 0.01). Note that these modulations occurred when only correct (HIT and CR) responses were considered. Thus, the same response was made in each condition to a centrally located target word; only the quality of the mnemonic experience differed.
To further explore modulation at retrieval, a whole-brain activation map was constructed for the contrast of HIT trials following deep encoding to the HIT trials following shallow encoding. Figure 10 shows the results. Medial and lateral PPC regions showed modulation consistent with the hypothesis-directed analyses described above, as well as in pC/Rsp.
Discussion
Traditional theories of PPC function stress space-based attention and motor intention. Our results identify multiple PPC regions, in particular IPLC and PCC (Fig. 3) , of which the response properties track memory retrieval independent of stimulus modality and response contingency. A third region, pC/Rsp, also showed analogous response properties. These results, in combination with other recent studies of parietal cortex, suggest that conceptions of PPC function should expand beyond attention to external stimuli and motor planning to incorporate higher-order cognitive functions. We discuss first the direct interpretation of the present results followed by the broader implications for models of PPC function.
PPC participates in long-term memory retrieval
A growing body of data from human functional imaging studies suggests modulation of PPC during memory retrieval (for reviews, see Rugg and Wilding, 2000; Buckner and Wheeler, 2001 ). The present study identified specific PPC regions that increase activity when old information is identified. Based on their anatomic locations (Fig. 3) , they are labeled IPLC and PCC for inferior parietal lobule complex and precuneus complex, respectively. A third region, labeled pC/Rsp, near posterior cingulate cortex and extending into retrosplenial cortex, was also consistently observed. Beginning with early PET studies of memory, IPLC, PCC, and pC/Rsp were found to be active during memoryrelated tasks (Buckner et al., 1996; Fletcher et al., 1996; Habib and Lepage, 2000) . Event-related fMRI studies that explicitly contrast HIT with CR items consistently show retrieval success effects in either IPLC, PCC, pC/Rsp, or all three (Henson et al., 1999, 2000 . PPC retrieval success effects occur for both picture and sound stimuli. Regional analyses were conducted for IPLC, PCC, and an extrastriate visual region as a control (VIS CTRL). Thedifferenceinsignalchangebetweencorrectlyidentifiedold(HIT)andnew(CR)itemsisplottedfor PICandSNDitemsforeachregion.Inferentialstatisticsarenotpresentedforthisexperiment,because IPLC and PCC were defined based on data from this experiment (Fig. 2b). 2003; Donaldson et al., 2001a,b; von Zerssen et al., 2001; Leube et al., 2003; Velanova et al., 2003; Wheeler and Buckner, 2003; Herron et al., 2004; Heun et al., 2004; Kahn et al., 2004) .
The present results replicate this basic finding across seven separate contrasts and provide additional constraints. First, as noted above, the effect is independent of cue modality (study 1). This result excludes simple visually based attention explanations for the retrieval success effects in PPC. An attention-based model might posit that subjects orient toward the spatial locations of the sounds, which, in the present study, would always come from the same location. Alternately, this result might be explained by suggesting that PPC activity represents attention toward retrieved spatial aspects of the encoding task. Although these explanations cannot be ruled out, one would expect that in both cases the spatial element of the sound items should be less salient; however, the magnitude of the HIT-CR difference is not smaller.
Study 2 provides a second constraint, in that retrieval success effects occur even when responses are made only to new items. This is an important constraint because most retrieval situations implicitly make the old information the target, and PPC modulation might arise because of a response to the default target information. By directly manipulating whether subjects made motor responses to old or new items, the retrieval success effect is shown to be independent of response and also to whether the old items are the sought target (Herron et al., 2004) .
Study 3 demonstrates that the magnitude of IPLC and PCC retrieval success effects are influenced by the nature of the retrieval process, with greatest modulation when retrieval is dependent on strong memory traces and/or recollective processes. Previous studies of recollective processes (Henson et al., 1999; Wheeler and Buckner, 2004) have identified regions in left parietal cortex that show greater activity during recollective compared with familiarity-related processes. In both previous reports, these regions have been located on the leftlateral portion of parietal regions showing more general HITϾCR effects (Konishi et al., 2000) . The present study confirms this result, using predefined regions. These results are most consistent with a PPC contribution to processes associated with memory retrieval or decision processes that are engaged during memory retrieval tasks.
The PPC regions exhibiting robust retrieval success effects are anatomically similar to regions that show changes to metabolic activity in Alzheimer's disease (Loessner et al., 1995; de Leon et al., 2001; Herholz et al., 2002 ) (for review, see Buckner, 2004) , raising the question of how the two relate. A speculative possibility is that these PPC regions represent direct or indirect cortical targets of medial temporal systems contributing to memory. In macaque, medial temporal regions have major reciprocal connections to PPC, notably including zones near area 7a (Suzuki and Amaral, 1994; Clower et al., 2001; Lavenex et al., 2002) and pC/Rsp (Suzuki and Amaral, 1994; Morris et al., 1999; Kobayashi and Amaral, 2003) , and their disruption leads to hypometabolism in both humans and animal models (Reed et al., 1999; Millien et al., 2002) . Because pathology associated with Alzheimer's disease affects medial temporal regions and processes, a consequence might be the disruption of PPC regions associated with retrieval success. Alternately, PPC may be directly disrupted as suggested by recent studies of amyloid deposition (Klunk et al., 2004) 
Relation to classical views of PPC function
Descriptions of PPC function have generally focused on spatial maps, with debate about the nature of information coded within these maps. For example, one view is that PPC represents spatial attention and is tuned to represent the most salient spatial locations (Colby and Goldberg, 1999 ). An alternative view suggests PPC represents motor intentions (Andersen and Buneo, 2002) . Neither of these views captures the data patterns observed during memory retrieval in IPLC and PCC, and thus views of PPC function require expansion or revision.
Nontraditional response properties have begun to emerge in various PPC studies, including response properties within LIP. For example, Platt and Glimcher (1999) noted that LIP activity is related to the expected reinforcement associated with a cue (Sugrue et al., 2004 ). An experiment by Leon and Shadlen (2003) reported LIP neurons of which the activity was related to time perception. An fMRI study by Jiang and Kanwisher (2003) showed PPC involvement in response selection across stimulus modality and response-mapping manipulations. Although each of these results suggests that PPC is involved in a greater range of function than had previously been thought, the fundamental response properties in these studies are within space-based maps and sensorimotor transformations. What is novel about the present results is that PPC modulation is occurring within a higher-level cognitive domain independent of stimulus or response properties.
In considering the relationship of the present results to classical models of PPC function, homologies between PPC areas in human and macaque may provide important constraints. In this regard, it is noteworthy that there is little data from macaque PPC in tasks requiring long-term memory retrieval. One specific possibility raised by the present results is that monkey PPC areas will be identified that show modulation during long-term memory tasks. Alternately, it may be that some areas in human PPC do not have homologs in macaque (Vanduffel et al., 2002) . This raises the possibility that IPLC is evolutionarily novel or expanded in humans (Karnath, 2001) . One landmark in PPC is monkey LIP (Lewis and Van Essen, 2000) and its putative homolog in humans (Culham and Kanwisher, 2001; Sereno et al., 2001) . Figure 3 plots putative human LIP in relation to IPLC identified in this study. IPLC is lateral to LIP and overlaps minimally. For all of these reasons, it seems likely that the PPC regions described here are near to, but distinct from, those studied extensively in monkeys.
Our results provide strong evidence that IPLC, PCC, and pC/ Rsp perform higher-order cognitive operations associated with memory retrieval. Assuming rough homology between human and macaque, one possibility is that these PPC regions, similar to their neighbors such as LIP, act to transform information between posterior and anterior cortical zones. LIP in macaque, for example, receives projections from extrastriate retinotopic cortex as well as motion-sensitive medial temporal regions (Andersen et al., 1990; Baizer et al., 1991) and projects to motor-related regions such as the anterior intraparietal area (Nakamura et al., 2001 ) and frontal areas 46 and 8a (Andersen et al., 1990) . Monkey inferior parietal lobule has direct reciprocal connections to parahippocampal regions (Andersen et al., 1990; Suzuki and Amaral, 1994; Lavenex et al., 2002) as well as direct projections to area CA1 (Rockland and Van Hoesen, 1999) and receives secondorder input from CA1 via parahippocampus (Clower et al., 2001) . Medial parietal regions, particularly retrosplenial cortex, have dense reciprocal connections to the hippocampal formation (Vogt et al., 1992; Suzuki and Amaral, 1994; Morris et al., 1999; Lavenex et al., 2002; Kobayashi and Amaral, 2003) . The inferior parietal lobule also has substantial reciprocal connections with several frontal regions, including areas 6, 8a, 11, 12, 45, and 46 (Andersen et al., 1990) . IPLC and regions along the medial side of PPC are thus positioned well as an intermediate zone connecting . PPC retrieval success effects are influenced by retrieval demands. Regional analyses were conducted for IPLC and PCC. The difference in signal change between correctly recognized old items following deep study (DEEP), following shallow study (SHAL), and correctly rejected new items (CR) is plotted for each region. Both IPLC and PCC showed significant HITϾCR effects, the magnitudes of which were significantly modulated at retrieval dependent on levels of processing at encoding. Maps show voxels that demonstrate significantly greater activity for deeply studied HIT items versus shallowly studied HIT items.
frontal regions with representations enabled by the medial temporal lobe memory system. By this view, PPC function may extend to long-term memory processes through its interconnections with the medial temporal lobe.
